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reactive oxygen species; potassium channels; cellular redox; dihydroethidium; cell calcium EXPOSURE OF CAROTID BODY ARTERIAL chemoreceptors to lowered PO 2 elicits increased neural activity in the carotid sinus nerve (CSN) and reflex cardiopulmonary adjustments that mitigate the adverse effects of hypoxemia. Increased carotid body activity occurs at relatively moderate PO 2 levels, in contrast to the severe hypoxia required to elicit metabolic and functional adjustments in non-O 2 -sensing tissues (19, 20, 23) . Efforts to understand the molecular physiology of hypoxic chemotransduction in the carotid body have focused primarily on the relationship between PO 2 and the activity of K ϩ channels in neuroectoderm-derived type I cells (23, 40) . In the rat, multiple studies have demonstrated that hypoxia inhibits two types of K ϩ channels: 1) a large-conductance, voltage-and calciumdependent channel [maxiK (39, 50) ] and 2) a voltage-independent TASK-type channel that mediates a background leak current (5, 7) . Available data indicate that TASK-1 channels play a major role in setting the membrane potential (E m ) and that closure of these channels initiates cell depolarization (6, 17) . In rat type I cells, the current-voltage characteristics of maxiK channels suggest that they do not open until E m is more positive than Ϫ20 mV. Multiple studies have reported that specific maxiK blockers fail to activate isolated type I cells, which has supported the notion that these channels modulate cell activity and facilitate repolarization of the membrane (6, 17, 42) . However, in thin slices of rat carotid body, Pardal and López-Barneo (37) demonstrated that the specific maxiK blocker iberiotoxin evokes catecholamine release from type I cells.
There is general agreement that maxiK and TASK-1 channels (also expressed in non-O 2 -sensing tissues, brain, and elsewhere) are not inherently sensitive to molecular oxygen and must somehow be coupled to cellular components that are modulated by the prevailing PO 2 (38) . Previous studies have delineated differing points of view regarding O 2 sensing such that either an O 2 -binding heme protein in the plasma membrane (33, 49) or specialized O 2 -sensitive cytoplasmic components (1, 48) modulate the activity of K ϩ channels. Importantly, a recent review by Prabhakar (43) Ϫ by the rapid action of superoxide dismutase (SOD) would facilitate K ϩ channel activity (1). Indeed, application of H 2 O 2 to the in vitro rat carotid body/CSN preparation has been shown to depress chemoreceptor activity (2) , and an inhibitor of the oxidase, diphenyleneiodonium (DPI), alters nerve activity evoked by hypoxia (14) . Furthermore, certain subunits common to the phagocytic and nonphagocytic forms of the enzyme, including p22 phox , gp91 phox , p47 phox , and p67 phox (phox: phagocytic oxidase), have been localized to type I cells by the use of immunocytochemical staining techniques (32) . Support for the involvement of NADPH oxidase also has come from studies of p47 phox gene-deleted mice, which display increased CSN activity and ventilatory reflexes evoked by hypoxia (45) .
Opposing these findings are multiple observations that question the validity of the NADPH oxidase hypothesis of chemotransduction. First, recent studies in the rat have shown that the heme-binding molecule carbon monoxide (CO) activates K ϩ channels and blocks the inhibitory effects of hypoxia, suggesting that a heme protein mediates the effects of hypoxia on channel activity (33) . Second, although early studies demonstrated that maxiK and TASK-1 channels fail to respond to hypoxia after excision of membrane patches from type I cells (50) , more recent studies have obtained opposite results indicating that cytosolic factors (i.e., subunits of NADPH oxidase) are not required for low-O 2 inhibition of the voltage-dependent K ϩ current (I K ) (44) . In addition, studies using genetically modified mice lacking the gp91 phox subunit demonstrated normal inhibition of I K by hypoxia in type I cells, as well as normal hypoxia-evoked Ca 2ϩ responses and CSN activity (25) . Finally, a recent study indicates that O 2 sensitivity in maxiK channels is mediated by CO produced by hemeoxygenase-2 (49) .
An important postulate of the NADPH oxidase hypothesis is that hypoxia depresses ROS levels in O 2 -sensitive cells (1, 2) . ROS production has indeed been shown to decrease in response to hypoxia in a cell line derived from airway chemoreceptors [neuroepithelial body (NEB) cells], in which NADPH oxidase appears to be a central component of the O 2 -sensing machinery (34) . However, the effect of hypoxia on ROS has not been firmly established in type I cells, and the effects of recently available specific oxidase inhibitors have not been tested on K ϩ channel function. In the present experiments, we have used p47
phox gene-deleted knockout (KO) mice and normal mice to reexamine the NADPH oxidase hypothesis. Our experiments focused first on establishing proper experimental conditions for the measurement of ROS in phagocytic neutrophils (polymorphonuclear neutrophils, PMN) from normal vs. KO mice. We then used identical methods to examine the effects of hypoxia on NADPH oxidase activity in type I cells. Finally, we have demonstrated the effects of a highly specific inhibitor of NADPH oxidase on hypoxia-evoked depression of the voltage-dependent maxiK current and hypoxia-evoked Ca 2ϩ responses in mouse type I cells. Our data suggest that NADPH oxidase is an important component of the transduction machinery in type I cells. However, the findings are not in accord with the notion that decreased oxidase activity initiates cell depolarization.
METHODS

Animals
The phagocytic isoform of NADPH oxidase is composed of the catalytic subunit gp91 phox and the regulatory subunits p22 phox , p47 phox , p40 phox , p67 phox , and the small GTPase Rac. p47 phox genedeleted mice (p47 phox KO), originally produced in the laboratory of S. M. Holland (29) , were phenotyped for NADPH oxidase before being used in experiments. Control mice were obtained from "backcrossed" heterozygous littermates to ensure that normal vs. NADPH oxidase-deficient animals share a similar genetic background. All protocols were approved by the University of Utah Institutional Animal Care and Use Committee.
Preparation of PMN
PMN were prepared from blood obtained by intracardiac puncture in anesthetized mice (10 mg/kg ketamine ϩ 0.9 mg/kg xylazine, im). Samples enriched in PMN were prepared using a Ficoll-Hypaque technique for human blood (3), modified to accommodate small blood volumes (0.7-1 ml). Giemsa staining and differential counting showed that 60 -80% of the isolated cells were PMN. Cells were plated on poly-L-lysine-coated coverslips in Hanks' balanced salt solution and maintained in a CO 2 incubator (36.5°C, PO2 120 mmHg) for 60 -120 min before loading with dihydroethidium (DHE; 30 min). For fluorescence measurements, PMN were superfused with an airequilibrated Tyrode solution containing (in mM) 112 NaCl, 4.7 KCl, 2.2 CaCl 2, 1.1 MgCl2, 42 Na-glutamate, 5.6 glucose, and 5 HEPES buffer (pH 7.40).
Dissociation and Culture of Carotid Body Type I Cells and Ganglionic Neurons
Carotid bodies were removed from anesthetized young adult mice (20 -25 g), cleaned of connective tissue, and cut into pieces, which were placed on a coverslip and incubated in 100 l of Ham's F-12 medium (Ca 2ϩ and Mg 2ϩ free) containing collagenase and trypsin (0.2%; 30 min) in a CO2 incubator. Peripheral nerve ganglia were similarly minced and incubated (petrosal ganglion, 20 min; nodose ganglion, 15 min, and superior cervical ganglion, 40 min). Tissue fragments were rinsed in F-12 medium (Ca 2ϩ and Mg 2ϩ free) and transferred to poly-L-lysine-coated glass coverslips, where they were triturated with a polished Pasteur pipette in 100 l of F-12 medium containing 10% fetal calf serum and 5 g/ml insulin. Coverslips containing isolated cells were maintained in a CO 2 incubator for later recording (2-6 h).
Perforated Whole Cell Patch-Clamp Recordings
Detailed methods have been published previously (26) . In brief, coverslips containing carotid body type I cells were positioned in a 0.3-ml flow chamber mounted on the stage of an inverted microscope and perfused (0.5 ml/min) at 35-36.5°C. Bath solution contained (in mM) 141 NaCl, 4.7 KCl, 1.2 MgCl 2, 1.8 CaCl2, 10 glucose, and 10 HEPES (pH 7.40) and was routinely air-equilibrated (PO2 120 mmHg). Pipette solution (in mM: 145 K-glutamate, 15 KCl, 2 MgCl2, and 20 HEPES, pH 7.2 and 37°C) also contained nystatin (150 -200 g/ml); pipette resistances varied from 2 to 10 M⍀. Hypoxic solutions have a PO 2 of 30 -32 mmHg, similar to that in carotid body tissue during moderate hypoxia (8) . IK were evoked by step voltage changes from a holding potential of Ϫ70 mV, recorded using an Axopatch 200A patch-clamp amplifier and a CV 201A head stage (Axon Instruments), displayed on an oscilloscope, and digitized with a DigiData 1200 computer interface for analysis using pCLAMP 5.0 software (Axon Instruments). The series resistance (typically 40 M⍀) was not compensated. Junction potentials (2-4 mV) were canceled at the onset of the experiment. Capacitance and leakage currents were subtracted.
Measurement of Intracellular Ca 2ϩ Concentration and ROS Production
Intracellular Ca 2ϩ . Detailed methods have been published previously (26) . Coverslip-attached cells were loaded with 0.5 M fura-2 AM (20 -25 min) in the CO 2 incubator. The recording chamber (Tyrode solution, perfusion rate 1.0 -1.2 ml/min, 32-34°C) was mounted into a Zeiss/Attofluor workstation equipped with an excitation wavelength selector and an intensified charge-coupled device camera system. Fura-2 emission (520 nm) was obtained by alternating excitation at 334 and 380 nm, and the 334/380 ratios were used to calculate intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) (26) . Fluorescence signals were obtained from isolated and clustered type I cells, with no differences in basal or stimulus-evoked responses (see also ]i measurements, and the DHE fluorescence (excitation at 535 nm) was recorded at 645 nm (sampling rate 100 ms/4 s). Data were collected and analyzed using Attofluor Ratiovision software. As in the case of [Ca 2ϩ ]i, recordings from isolated and clustered cells gave identical signals. Much of the fluorescent oxidized form of DHE is cell trapped; fluorescence gradually increases due to basal ROS production, and any stimulus that elevates ROS production increases the signal slope (47) .
RESULTS
Effect of Cell Activation on DHE Fluorescence in Mouse Neutrophils
PMN are suitable biological controls because their physiological function is to rapidly produce ROS generated via NADPH-oxidase (the "respiratory burst") as part of a "killing" mechanism to destroy invading pathogens. Therefore, normal PMN will generate an unequivocal positive fluorescent signal, whereas PMN from p47 phox KO mice should lack ROS production. Preliminary experiments established optimal conditions for measuring ROS in isolated cells attached to poly-L-lysinecoated coverslips. Background fluorescence was assessed in cell-free areas of the coverslip. Basal fluorescence for each cell was recorded for 10 -12 min, followed by the introduction of a stimulus cocktail consisting of the chemotactic peptide Nformyl-Met-Leu-Phe (fMLP; 1 M), arachidonic acid (AA; 10 M), and cytochalasin B (CB; 5 g/ml). Figure 1A shows that in normal cells, fMLP/AA/CB elicited a marked, rapid increase in the slope of the fluorescence signal. Within 30 -60 s after application of the stimulus, the slope receded but the signal continued to increase gradually. The introduction of DPI, a commonly used inhibitor of NADPH oxidase, substantially decreased the signal, consistent with decreased ROS production. After DPI washout, the fluorescence continued to increase gradually. Finally, the introduction of azide (5 M; an agent known to increase ROS via inhibition of cytochrome oxidase and catalase) elicited a second rapid increase in the signal, which declined after washout.
The lower trace in Fig. 1A shows results from a p47 phox KO PMN. This cell failed to respond to fMLP/AA/CB, and DPI elicited only a slight decrease in the signal, findings consistent with the absence of functioning NADPH oxidase. However, 5 M azide markedly increased the fluorescence, demonstrating the viability of the cell.
Summarized in Fig. 1B are data from 98 normal and 185 p47 phox KO PMN, in which slopes of fluorescence signals were analyzed for each experimental condition over a 100-s interval. The data demonstrate the deleterious effect of gene deletion on the response to the stimulus cocktail and the blocking effect of DPI. However, the effects of azide on ROS production were similar in normal and NADPH oxidase-deficient PMN.
Effect of Hypoxia and Azide on ROS in Normal and p47
phox Gene-Deleted Type I Cells
Assessments of ROS production in mouse type I cells are shown in Fig. 2 . In normal cells, basal fluorescence was flat or increased only slightly in media equilibrated with air (PO 2 ϳ120 Torr), not unlike the behavior of PMN (Fig. 2A) . The introduction of hypoxic media equilibrated at PO 2 ϳ24 -26 Torr elicited an increase in fluorescence. However, unlike the activated PMN, which produced a sharp and rapid elevation in ROS, hypoxia evoked a noticeably slower increase in the fluorescence signal, consistent with less robust ROS production. ROS levels increased substantially as hypoxia continued for several minutes. Moreover, superfusion with hypoxic media containing the specific NADPH oxidase inhibitor 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF; 3 mM) (16) elicited a marked decrease in the fluorescence emission, and after washout of the drug, the signal again indicated increased ROS production that subsided upon reintroduction of normoxic media. Subsequently, exposure to azide (5 M) elicited a large increase in the production of ROS.
The lower trace in Fig. 2A demonstrates that hypoxia fails to elevate ROS levels in p47 phox KO type I cells. However, the presence of azide evoked a marked increase in the fluorescence signal, consistent with increased ROS production in mitochondria. Summary data in Fig. 2B show that the moderate hypoxia used in these experiments elicited significant increases in ROS in normal type I cells but failed to alter ROS production in p47 phox KO type I cells. However, azide evoked similar increases in ROS in both normal and oxidase-deficient cells. In hypoxia, AEBSF evoked a significant decrease in fluorescence signal in normal but not p47 phox KO type I cells. Using immunocytochemical techniques, Dvorakova et al. (18) reported the presence of NADPH oxidase subunits in sensory neurons. The function of enzyme components in these cells is unknown, but their presence suggests that oxidase function may not be specific to type I cells. To test this possibility, we examined the effects of hypoxia on ROS production in cultured sensory neurons from petrosal ganglion (which innervates the carotid body) and nodose ganglion, as well as from postganglionic sympathetic neurons in the superior cervical ganglion. Figure 3A shows that hypoxia had no effect on ROS production in these cells but that azide uniformly evoked a large increase in the fluorescence signal. These findings confirm that hypoxia-evoked activation of NADPH oxidase is a specialized function of type I cells.
Previous reports have documented the artifactual production of ROS via the interaction of short-wavelength light with assembled NADPH oxidase (28) . Our standard protocol utilized 100-ms excitatory light pulses separated by 4-s dark intervals. In separate control experiments, we compared the rate (slope of fluorescence signal) of ROS production during hypoxia in 17 mouse type I cells exposed to 100-ms pulses in three experimental trials in which the dark intervals were 4, 8, and 16 s, respectively (Fig. 3B) . The data show that the slopes of the responses in hypoxia were not decreased by longer intervals between light pulses, suggesting that increased ROS production is not an artifact of exposure to light. These findings are not unexpected, given that light-induced ROS production in mammalian cells is due to exposure to intense violet-blue light below 450 nm (28), whereas in our experiments, DHE is excited by light filtered between 500 and 560 nm (peak ϳ535 nm).
Voltage-Dependent K ϩ Currents in Mouse Type I Cells
Under normoxic conditions (PO 2 ϳ120 Torr), depolarizing steps from a holding potential of Ϫ70 mV evoked outward currents at test potentials above Ϫ30 mV in nearly all cultured cells of 8 -10 m in diameter from normal and p47 phox KO preparations (Fig. 4, A and B) . The amplitude of the current did not noticeably inactivate during 200-ms pulses. In addition, the current-voltage relationship increased steadily between 0 and ϩ40 mV (Fig. 4, C and D) . Thus, in the nystatin patch configuration, these voltage-dependent currents did not display the inflexion of Ca 2ϩ -dependent K ϩ currents typically recorded in the whole cell configuration (39) . However, the highly selective maxiK channel blocker iberiotoxin (10 nM) (22) inhibited ϳ70% of the hypoxia-sensitive current in these cells (data not shown), consistent with the presence of a set of maxiK or BK channels previously reported in rat type I cells (39) .
The introduction of hypoxic media (PO 2 ϳ24 -26 Torr) depressed outward current by ϳ50% in normal cells at test potentials of 0 and ϩ40 mV. This effect of hypoxia was significantly enhanced in p47 phox KO cells, where the reduction of the current was some 15% greater (Fig. 4E) .
Involvement of NADPH oxidase in K ϩ channel function was tested via the application of the specific inhibitor AEBSF (3 mM). Figure 4F demonstrates that in normoxic conditions, this drug evoked a small inhibition of the K ϩ current, but it substantially enhanced current depression during hypoxia. In p47 phox KO type I cells (Fig. 4G) , AEBSF had no effect on the hypoxic depression of K ϩ current, consistent with the absence of enzyme activity. Figure 4H shows that in normal mouse type I cells, the introduction of 100 M H 2 O 2 tended to reverse the depressive effect of hypoxia on the voltage-dependent outward current, confirming channel sensitivity to the redox state of cytosolic constituents. Dampening of the hypoxia-evoked current depression by H 2 O 2 was similar in both normal and p47 phox gene-deleted cells (data not shown). (Fig. 5B ). However, AEBSF had no effect on hypoxia-evoked Ca 2ϩ responses in p47 phox KO type I cells (Fig. 5C ). In normal type I cells, increasing concentrations of H 2 O 2 (1, 10, and 100 M) significantly depressed hypoxia-evoked Ca 2ϩ -responses in a dose-related manner, further indicating an influence of cellular redox potential on cell excitability (Fig. 5D) .
Hypoxia-Evoked
DISCUSSION
A role for ROS in O 2 sensing has been proposed in multiple cells and tissues including cardiomyocytes, vascular smooth muscle, erythropoietin-producing cells in kidney and liver, and the morphologically similar cells that comprise chemoreceptors in NEB and carotid body (1, 9, 48, 51) . Various methods have been applied to assess the relationship between ROS production and PO 2 , resulting in diverse sets of data and conflicting views. Numerous studies have used the fluorescent dye dichlorofluorescein (DCF) as a specific indicator of H 2 O 2 . However, recent studies indicate that DCF is the substrate for multiple oxidative enzymes and that fluorescence signals may be artifactual (47) . In the current study, we established a DHE-based method, combined with assessments of normal and gene-deleted PMN as positive and negative controls, respectively, for increased NADPH oxidase-dependent ROS production. Our data using PMN attached to coverslips are consistent with the known function of the oxidase in these highly specialized cells, and consequently they can be viewed as addi- tional confirmation of appropriate conditions for the detection of biologically important ROS in isolated cells. Given that the oxidation products of DHE bind to DNA, it was somewhat surprising that inhibitors of NADPH oxidase decreased the fluorescence signal in normal PMN and type I cells during stimulation. A previous study of ROS production evoked by ischemic preconditioning in heart muscle reported similar results with DHE (31). These results suggest that some products are not irreversibly oxidized or that leakage of precursor and/or products is a continuous process. In any case, our data suggest that DHE can detect decreasing as well as increasing ROS levels in viable cells.
The prevailing hypothesis of NADPH oxidase involvement in type I cell O 2 sensing proposes that ROS, including H 2 O 2 , are produced in direct proportion to local PO 2 (1, 2) . In opposition to this view, our data clearly indicate that ROS production in normal mouse type I cells is increased by moderate hypoxia. Moreover, the effects of the highly specific inhibitor AEBSF support the notion that hypoxia-dependent ROS production is a consequence of increased NADPH oxidase activity. This conclusion is substantiated by data demonstrating that hypoxia does not alter ROS levels in p47 phox -genedeleted type I cells. The absence of hypoxia-evoked ROS production in type I cells lacking NADPH oxidase activity strongly suggests that mitochondria are not a source of ROS in moderate hypoxia. However, our data do not rule out a role for mitochondria in ROS production in severe hypoxia, where electron transport may be compromised (11, 12) . Likewise, given that O 2 is a substrate for NADPH oxidase, it is conceivable that production of ROS may be depressed in more severe conditions (2).
Our findings call for an explanation of increased oxidase activity in an environment where an essential substrate, namely, oxygen, is decreasing. Because the reported mean K m for O 2 of phagocytic NADPH-oxidase is 17 M (PO 2 12.7 Torr) (15), the hypoxia used in our experiments should not markedly limit enzyme activity. In this regard, it is important to note that NADPH is an equally important substrate for oxidase activation. This enzyme cofactor, which is widely utilized in the enzymatic transfer of hydrogen, is synthetically formed in the hexose monophosphate shunt (HMS) pathway of glucose metabolism. Previous studies in our laboratory have shown that glucose uptake in type I cells is elevated by hypoxia and that this response is absent in the presence of the Na ϩ / K ϩ -ATPase inhibitor ouabain (36) . Thus it appears that glucose metabolism is stimulated in type I cells by membrane depolarization during hypoxia. Given these facts, it is conceivable that hypoxia stimulates ROS production consequent to an elevation in the cellular pool of NADPH. Indeed, in preliminary experiments we found that HMS inhibitors depress hypoxia-evoked ROS production in type I cells. It is noteworthy that type I cells likely contain an isoform of gp91 phox , because deletion of this gene does not alter carotid body function (25) . Importantly, an isoform of the enzyme may have regulatory properties that differ from the well-known phagocytic prototype, including altered affinities for O 2 and/or NADPH.
Our studies using the perforated patch-clamp technique showed that mouse type I cells contain an iberiotoxin-sensitive K ϩ current that is similar, if not identical, to maxiK currents previously described in rat type I cells (39) . The mouse data indicate that depression of this current by hypoxia is opposed by exposure to H 2 O 2 . Moreover, AEBSF or deletion of p47 phox enhances the effects of hypoxia on the depression of the voltage-dependent K ϩ current, as well as elevation of [Ca 2ϩ ] i . Combined with the finding that hypoxia increases ROS, these data strongly suggest that hypoxia-triggered NADPH oxidase activity facilitates the open state of the voltage-dependent K ϩ channels. The current-voltage relationship of these channels shows that they open at voltages above Ϫ30 mV, suggesting that in a resting (i.e., normoxic) cell, they contribute minimally to the E M . It thus seems likely that these channels facilitate cell repolarization and that although low PO 2 per se promotes channel closure, the consequent increase in ROS tends to enhance channel activity. Riesco-Fagundo et al. (44) recently demonstrated that maxiK channels in rat type I cells are closed by hypoxia in isolated membrane patches and that CO can substitute for O 2 , suggesting that hypoxic depression of the current occurs via a heme-binding protein and is independent of cytosolic factors such as ROS. These findings are in accord with the involvement of CO production by hemeoxygenase-2 in the regulation of maxiK channels (49) .
Previous studies have indicated that hypoxia depresses ROS production in a cell line (H-146) of small-cell carcinoma, which is thought to be derived from NEB airway chemoreceptors (34) . Like type I cells, NEB and H-146 cells express O 2 -sensitive K ϩ channels. However, in genetically modified mice deficient in gp91 phox , hypoxia fails to inhibit the K ϩ current in the airway chemoreceptor cells (21) . Likewise, in normal NEB cells, DPI occludes channel sensitivity to low O 2 , further supporting the hypothesis that NADPH oxidase is an important component of the O 2 -sensing machinery that facilitates cell depolarization during hypoxia (21) . In contrast, the current study of type I cells demonstrated enhanced sensitivity to hypoxia following oxidase inhibition or gene deletion of a key NADPH oxidase subunit. In a recent study of carotid sinus nerve activity, our laboratory group also demonstrated enhanced basal and hypoxia-evoked responses in p47 phox KO preparations (45) . Our data strongly support the hypothesis that the production of ROS modulates the excitatory effects of hypoxia in type I cells. Thus isoforms of the oxidase appear to perform fundamentally different roles in airway vs. arterial chemoreceptor cells.
Recent studies have shown that a nonspecific inhibitor of NADPH oxidase, DPI, promotes the dose-dependent release of radiolabeled catecholamines from rat and rabbit carotid bodies in normoxia and enhancement of catecholamine release evoked by hypoxia (35) . Although the DPI-evoked release is only partially Ca 2ϩ dependent, these findings are in general agreement with the hypothesis that ROS produced by NADPH oxidase subserve an inhibitory role with respect to type I cell activity. However, in the same study, other inhibitors of the oxidase did not stimulate release of catecholamine. These latter observations may indicate the presence of a novel isoform of the oxidase that is not sensitive to conventional inhibitors of the phagocytic enzyme (13) .
Our data imply that type I cell activity evoked by hypoxia is in part determined by a change in the redox state of cytosolic constituents. Recently, one of our group (C. Gonzalez) coauthored a study showing that hypoxia does not alter redox conditions in rabbit and calf carotid body tissue (46) . In addition, artificially elevating the ratio of reduced-to-oxidized glutathione with N-acetylcysteine (NAC) neither excited nor inhibited the release of catecholamine from type I cells. One possible explanation of these seemingly conflicting data is that increased ROS production due to NADPH oxidase activity is balanced by increased NADPH synthesis in the HMS pathway after hypoxia-induced glucose uptake. Thus hypoxia may elicit an overall increase in reducing equivalents, which maintains a redox balance in the face of increased ROS production. Moreover, hypoxia-induced ROS generation could occur locally and contribute minimally to the overall redox status. A highly compartmentalized production of ROS adjacent to target molecules may, in addition, be relatively protected from immediate scavenging, thereby obscuring effects of external manipulations. Nonetheless, oral administration of NAC enhances the hypoxic ventilatory response in humans, suggesting an important role for cellular redox status within at least one of the multiple components comprising the chemoreflex pathway (27) . Figure 6 presents a summary of current concepts of O 2 chemoreception in carotid body chemoreceptor type I cells, indicating potential targets for ROS. The diagram schematizes the main transduction cascade that connects decreased PO 2 with the activation of type I cells and the release of neurotransmitters (23) . This scheme postulates a membrane-delimited O 2 sensor (44) capable of transmitting the decrease in PO 2 via regulatory ␤-subunits to K ϩ channels, decreasing their opening probability (P o ) (41) , and thereby promoting cell depolarization, activation of Na ϩ and Ca 2ϩ channels, and Ca 2ϩ -dependent exocytotic release of neurotransmitters. Low PO 2 activates an adenylate cyclase and increases cAMP levels (10); cAMP acts like hypoxia, decreasing K ϩ currents in type I cells. Hypoxia also decreases the activity of hemeoxygenase-2, leading to a decrease in CO production and decreased P o of O 2 -sensitive maxiK channels in rat type I cells (49) . Hypoxia produces an increase in the glucose consumption in type I cells that is secondary to Na ϩ and Ca 2ϩ entry, as well as activation of the plasma membrane ATPases (36) . Unpublished data from our laboratory indicate that a part of this glucose enters the hexose monophosphate pathway, leading to an increase of NADPH levels, which facilitates activation of NADPH oxidase. Alternatively, this enzyme might be directly activated by hypoxia or indirectly via direct interaction with the membranebound O 2 sensor; in addition, a hypoxia-driven increase in intracellular Ca 2ϩ may activate NADPH oxidase (24) . Superoxide anion generated by NADPH oxidase, and/or the resulting H 2 O 2 , acts on K ϩ channels, either directly or via regulatory ␤-subunits, opposing the effects of hypoxia. Thus ROS negatively modulate the hypoxic transduction cascade and control type I cell excitability.
